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The Crystal Structure of the Monomeric Reverse
Transcriptase from Moloney Murine Leukemia Virus
subunit contains all five domains, and the p51 subunit
is obtained by a proteolytic cleavage of the p66 subunit
and lacks the RNase H domain (LeGrice, 1993). The
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Indianapolis, Indiana 46202 Rous sarcoma virus RT (RSV RT), which is an avian RT,
is also heterodimeric. Its smaller p63 subunit includes
all five domains and is formed by the cleavage of the
larger p95 subunit (Leis et al., 1983). The diversity of theSummary
RTs is reflected in low overall sequence identity with for
example only 10% of the residues identical in the thumbReverse transcriptases (RTs) are multidomain en-
and connection domains of MMLV RT and HIV-1 RT.zymes of variable architecture that couple both RNA-
X-ray crystallographic studies have focused largelyand DNA-directed DNA polymerase activities with an
on the heterodimeric HIV-1 RT and complexes with in-RNase H activity specific for an RNA:DNA hybrid in
hibitors or nucleic acid as it continues to be a target fororder to replicate the single-stranded RNA genome
the development of new drugs to treat patients withof the retrovirus. Previous structural work has been
AIDS. The crystal structure of HIV-1 RT is an unusualreported for the heterodimeric HIV-1 and HIV-2 RTs.
asymmetric dimer in which the tertiary structures of theWe now report the first crystal structure of the full-
p51 and p66 subunits are different even though the p51length Moloney murine leukemia virus (MMLV) RT at
subunit has the same amino acid sequence as the corre-3.0 A˚ resolution. The structure reveals a clamp-shaped
sponding residues in p66 (Kohlstaedt et al., 1992). Bind-molecule resulting from the relative positions of the
ing of the template-primer in a large cleft of the HIV-1thumb, connection, and RNase H domains that is strik-
RT is accompanied by a conformational change in theingly different from the HIV-1 RT and provides the
relative position of the thumb domain in the crystal struc-first example of a monomeric reverse transcriptase.
ture of the HIV-1 RT complexed with DNA (Ding et al.,A comparative analysis with related DNA polymer-
1998; Jacobo-Molina et al., 1993). Addition of nucleotideases suggests a unique trajectory for the template-
and template-primer results in an additional conforma-primer exiting the polymerase active site and pro-
tion change in the tip of the fingers domain in the crystalvides insights regarding processive DNA synthesis by
structure of the covalently trapped ternary complexMMLV RT.
(Huang et al., 1998). More recently, the crystal structure
of the HIV-2 RT has been reported to be very similar to
Introduction that of the HIV-1 RT, albeit with important differences
in the nonnucleoside reverse transcriptase inhibitor
Moloney murine leukemia virus reverse transcriptase binding site (Ren et al., 2002).
(MMLV RT) and related retroviral reverse transcriptases Previous structural work on the MMLV RT includes
are replicative polymerases that play an essential role the 1.8 A˚ crystal structure of the N-terminal fragment
in the life cycle of the retrovirus. DNA polymerase and comprising the fingers and palm domains of MMLV RT
ribonuclease H (RNase H) activities allow RT to convert (Georgiadis et al., 1995) as well as crystal structures of
the single-stranded retroviral RNA genome into double- the fragment complexed with DNA (Cote´ et al., 2000;
stranded DNA, which is integrated into the host chromo- Najmudin et al., 2000; Sun et al., 1998). From a model
some during viral infection (Gilboa et al., 1979; Telesnit- of the N-terminal fragment with template-primer and
sky and Goff, 1997). RT is unique among related DNA incoming nucleotide bound, a functional role for Phe155
polymerases in its ability to use either RNA or DNA as (Tyr115 in HIV-1 RT) in discriminating between deoxyri-
a template. These multidomain enzymes include fingers, bonucleotides and ribonucleotides, thus ensuring DNA
palm, thumb, connection, and RNase H domains (Kohl- polymerase activity, was proposed and later confirmed
staedt et al., 1992), their nomenclature being based on by mutational analysis (Gao et al., 1997; Georgiadis et
an anthropomorphic resemblance to a right hand. al., 1995). In the crystal structures of the N-terminal
Although functionally similar, RTs are in fact architec- fragment complexed with DNA, nucleic acid binds to a
turally diverse (Goff, 1990), including both heterodimeric novel site in the fingers domain of the N-terminal frag-
and monomeric enzymes. MMLV RT is monomeric as ment, which has been proposed to play a critical role
isolated with all five domains on a single polypeptide of in processive DNA synthesis (Gu et al., 2001; Najmudin
671 amino acid residues, 75 kDa (Moelling, 1974; Roth et al., 2000).
et al., 1985). Other monomeric enzymes that have been With the goal of understanding structural and func-
characterized biochemically include porcine endoge- tional differences and similarites in monomeric versus
nous retrovirus RT (Avidan et al., 2003), bovine leukemia heterodimeric reverse transcriptases, we undertook the
virus RT (Perach and Hizi, 1999), and mouse mammory structure determination of the MMLV RT as the first
tumor virus RT (Taube et al., 1998). The human immuno- example of a monomeric RT. Here, we report the crystal
deficiency virus reverse transcriptase (HIV-1 RT) is a structure of the MMLV RT at 3.0 A˚ resolution. Remark-
heterodimer including p66 and p51 subunits. The larger ably, the structure of the monomeric MMLV RT is strik-
ingly different from that of the heterodimeric HIV-1 RT
primarily due to differences in the thumb, connection,*Correspondence: mgeorgia@iupui.edu
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and RNase H domains. Insights on the trajectory of the son, personal communication) to complete our model
for the MMLV RT (shown in Figure 2A). Further, it shouldtemplate-primer and implications of the structural differ-
ences between the enzymes on processive DNA synthe- be noted that there are no crystal packing interactions
involving the RNase H domain in this lattice. Thereforesis are discussed.
the conformation of the RNase H domain seen in our
structure does not reflect crystal packing restraints. TheResults and Discussion
overall dimensions of the molecule are approximately
90  45  50 A˚. The density for the DNA, althoughStructure Determination
clearly evident in the polymerase active site, is poorlyAs previously reported, it was necessary to improve the
ordered. As a result, we have not attempted to build asolubility of MMLV RT in order to obtain crystals suitable
detailed model but have verified that duplex DNA is infor a structure determination. Toward this end, an N-ter-
fact accommodated in the nucleic acid binding cleft andminal truncation of 23 amino acid residues and a single
completed a comparative modeling study with relatedamino acid substitution (L435K) were introduced in
polymerases as discussed below.MMLV RT and shown not to affect the activity of the
Unlike HIV-1 RT, MMLV RT is monomeric as isolatedresulting enzyme (Das and Georgiadis, 2001). Crystals
(Moelling, 1974; Roth et al., 1985). Consistent with theof this modified MMLV RT including residues 24–671
findings in solution, we find no evidence for the forma-were obtained only in the presence of duplex DNA, spe-
tion of a biologically relevant dimer of MMLV RT fromcifically an AT-rich 14-mer duplex. Diffraction data were
the analysis of our crystal structure. There is one proteinmeasured to 3.0 A˚ resolution, and initial molecular re-
molecule in the asymmetric unit (the unique repeatingplacement phasing was obtained by using the N-ter-
unit) of the crystal, and none of the interactions betweenminal fragment comprising the fingers and palm do-
molecules in the crystal lattice suggest a biological di-mains of MMLV RT (two of five domains) as the search
mer. As classified in the SCOP (Structural Classificationmodel. Although electron density was apparent for sev-
of Proteins) database, RT is a member of the DNA poly-eral secondary structural elements in the thumb and
merase superfamily. Examples of other DNA polymer-connection domains in maps calculated using the mo-
ases for which structures have been reported in thislecular replacement phases from this partial model, the
superfamily include the DNA polymerase 1 family mem-model was not significantly improved after several
bers E. coli Klenow fragment, Taq, and Bacillus stearo-rounds of model building and refinement. As anticipated
thermophilus DNA polymerase (Beese et al., 1993; Eomgiven the low sequence identity between MMLV RT and
et al., 1996; Johnson et al., 2003; Keifer et al., 1998; KimHIV-1 RT, no molecular replacement solution was ob-
et al., 1995; Korolev et al., 1995; Li et al., 1998; Ollis ettained for any of the various combinations of structural
al., 1985), the T7 phage DNA polymerase family memberdomains from HIV-1 RT models.
T7 DNA polymerase (Doublie´ et al., 1998), the T4-likeIt was clear that experimental phasing would be re-
DNA polymerase family members from bacteriophagequired in order to improve the electron density maps
RB69 DNA polymerase and archaebacteria (Hashimotoand complete the structure determination. Experimental
et al., 2001; Hopfner et al., 1999; Wang et al., 1997; Zhaophases were obtained from three heavy atom deriva-
et al., 1999), and the lesion bypass DNA polymerasetives, solved by isomorphous difference Fourier meth-
family members, the DinB polymerase (Ling et al., 2001;ods using the partial model phases (see Table 1) and
Silvian et al., 2001; Zhou et al., 2001) and DNA polymer-verified by Patterson analysis. Interpretable electron
ase eta (Ling et al., 2003; Trincao et al., 2001). All of thedensity maps were obtained after combination of model
structural examples of the DNA polymerase superfamilyand experimental phases and density modification as
noted above are monomeric enzymes. In this respect,detailed in the Experimental Procedures. In these maps,
MMLV RT is more similar to other members of this super-side chain density was apparent for approximately 70%
family than to the HIV-1 RT, which is in fact the onlyof the residues.
example of a heterodimeric enzyme in this superfamily.
Description of the Structure
The electron density was well ordered for the fingers, Comparison of the Structures of MMLV RT
and HIV-1 RTpalm, thumb, and connection domains (Figure 1A), and a
detailed model was built and crystallographically refined There are a number of striking differences as well as
similarities between the MMLV RT and the HIV-1 RTfor these four domains including residues 24–326 and
335–474. Residues 327–334 correspond to a missing structures. The relative positions of the thumb, connec-
tion, and RNase H domains in the structure of MMLVregion at the tip of the thumb for which there is no
density. The fingers and palm domains comprise resi- RT are distinctly different from those in the structure of
the p66 subunit of HIV-1 RT (1RTD) (Huang et al., 1998)dues 24–275 as previously reported, while the thumb
and connection domains include residues 276–361 and (Figure 2B). A rotation of 18 is required to move the
thumb domain of MMLV RT to a position similar to that362–474, respectively. Although it was not possible to
build a detailed model for the RNase H domain (shown in the p66 subunit of HIV-1 RT with respect to the poly-
merase active site. Similarly, a rotation of 70 is requiredin Figure 1B), the electron density is sufficiently well
ordered to grossly position the domain. We have there- to superimpose the connection domain of MMLV RT
with the corresponding domains of the p66 subunit offore used the coordinates for the structure of the RNase
H domain of MMLV RT determined independently (D. HIV-1 RT.
In both the HIV-1 RT and MMLV RT, there is a con-Lim, C. Bingman, G. Gregorio, S. Goff, and W. Hendrick-
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Table 1. Crystallographic Data
Data Set X25-Br 19ID-Nat Comb-Nat 19ID-Se 19ID-U X25-Au
P21212 a  242.3 A˚,
b  94.6 A˚, c  52.4 A˚
Wavelength (A˚) 0.9196 0.9794 0.9794 0.9794 1.033
Resolution (A˚) 3.5 3.0 3.0 4.5 6.0 6.0
Measured reflections 76,738 83,728 NR 16,858 11,292 36,006
Unique reflections 15,564 21,710 22,526 7,639 3,310 12,600
Data coverage (%)a 99.2 (95.3) 86.4 (60.4) 89.8 (60.4) 83.3 (77.9) 84.4 (75.6) 84.8 (65.8)
Rsym (%)a,b or Rmerge(%) 12.6 (39.8) 12.7 (50.4) 0.14 17.8 (55.5) 12.8 (35.6) 17.1 (46.6)
I/ (last shell) 2.00 2.23 2.20 1.22 2.84 1.81
Phasing Statistics
Phasing power (iso/ano)c 2.0/2.2 1.9/1.6 1.9/4.3
Rcullis (iso/ano)d 1.36/1.00 0.78/0.79 0.84/0.94
Refinement Statistics
Total residues 443
Working set reflections 20,160
Test set reflections 1,019




Rmsd bond (A˚) 0.008
Rmsd angles () 1.692
See Experimental Procedures for merging of two data sets to produce the Comb-Nat data set. NR, not reported.
a The numbers in parentheses are for the highest resolution shell.
b Rsym  |Ii  I|/I, where Ii is the intensity of the ith observation and I is the mean intensity of the reflections. Rmerge |Ii  I|/
N  I, where Ii is the intensity of the ith observation, I is the mean intensity of the reflections, and N is the number of data sets, applicable
to the Comb-Nat data set.
c Phasing power  rms (|Fh|/E), where |Fh| is the heavy atom structure factor amplitude and E is the residual lack of closure error.
d Rcullis  ||Fho|  |Fhc||/|Fh| overall, where |Fho| is the observed heavy atom structure factor amplitude and |Fhc| is the calculated heavy atom
structure factor amplitude.
e Rcryst  ||Fo|  |Fc||/|Fo|, for the working set of reflections and Rfree  ||Fo|  |Fc||/|Fo|, where all reflections belong to a test set of randomly
selected data.
served positively charged patch on the surface of the region include K397 and K398. Residues from HIV-1 RT
resulting in a similarly charged surface feature includetwo proteins for example (Figure 3), which may play a
role in substrate recruitment or recognition. Residues K353 and K374. Although the charged surface feature
is conserved, the surface residues from the connectionin MMLV RT that contribute to the positively charged
Figure 1. Representative Electron Density Maps Obtained from the MMVL RT:DNA Crystals
(A) A surface representation of electron density at 1.5 in 2Fo-Fc map for part of the thumb domain with the model shown as a stick rendering
in blue.
(B) The solvent-flattened electron density for the MMLV RT at 1.0  obtained by combination of experimental and model phases is shown
with well-ordered density (green cage) for the fingers, palm, thumb, and connection domains (black trace) and less well-ordered density for
the RNase H domain (magenta trace).
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sights on the similarities and differences between MMLV
RT and HIV-1 RT as discussed below.
The fingers and palm domains of MMLV RT comprise
a relatively rigid portion of the molecule that was pre-
viously identified as a stable N-terminal fragment by
limited proteolysis (Georgiadis et al., 1995). In crystal
structures of the N-terminal fragment alone and in com-
plexes with DNA (Cote´ and Georgiadis, 2001; Cote´ et
al., 2000, 2003; Najmudin et al., 2000), the two domains
are found to be nearly identical, with no relative displace-
ment of either domain with respect to the other. The
structures of the fingers and palm domains in the full-
length MMLV RT and N-terminal fragment (1QAJ) are
also remarkably similar (Figure 4). The C	 atoms of resi-
dues 24–278 in the two structures superimpose with an
rmsd of 1.47 A˚ with significant differences occurring in
two loop regions including residues 102–107 and 174–
181. The side chain conformations of many highly con-
served and functionally important residues are similar
in the two structures. For example, residues within the
polymerase active site including R110, N119, Y222, and
the catalytically essential D224 and D225 residues have
similar conformations in these structures. Also, R116
forms an ion pair with D114 as it does in the structures
of the N-terminal fragment: DNA complexes. In the struc-
tures of the N-terminal fragment complexed with DNA
that we have previously reported, the DNA is bound
to the fingers domain and specifically to R116. In the
structure of the full-length MMLV RT, the fingers domain
binding site is not accessible for DNA binding as another
protein molecule is packed in close proximity.
A detailed comparison of the fingers and palm do-
mains of MMLV RT with HIV-1 RT has been previously
reported (Georgiadis et al., 1995). In contrast to the
structural conservation of these two domains seen in
MMLV RT, the relative position of the fingers domain
with respect to the palm domain in HIV-1 RT varies
significantly in the different crystal structures that have
been reported. Nonetheless, the fingers and palm do-
mains of MMLV RT considered individually are structur-
ally more similar to the corresponding domains in HIV-1
Figure 2. The Crystal Structure of the MMLV RT and a Comparison RT than are the thumb and connection domains from
with the p66 Subunit of the HIV-1 RT
these two enzymes.
(A) A ribbon rendering of the MMLV RT is shown with the fingers
The thumb and connection domains from MMLV RTdomain in red, palm in blue, thumb in green, connection in yellow,
and the p66 subunit of HIV-1 RT have the same overalland the RNase H in magenta.
folds, despite having only 10% sequence identity (Fig-(B) A structural comparison of the MMLV RT monomer is shown in
the same color scheme as in (A) with the p66 subunit of HIV-1 RT ures 5 and 6). However, the thumb domains superim-
shown in gray. The structures were superimposed using the highly pose poorly, resulting in an rmsd of 4.9 A˚ (CCP4, 1994)
conserved structural elements in the palm domains. In contrast to (LSQKAB) using C	 atoms from residues 276–320 and
the rather extended p66 subunit of HIV-1 RT, the MMLV RT is a far
341–361 from MMLV RT and residues 238–282 and 296–more clamp-shaped molecule.
316 from HIV-1 RT (Figure 5A). The structural alignment
of the thumb domains was not significantly improved
domain that contribute to this feature in MMLV RT and by limiting the alignment to residues found in secondary
HIV-1 RT are not structurally equivalent. The overall structural elements. In fact, the thumb domain of HIV-1
clamp-like shape of the MMLV RT (Figure 3A) is distinct RT was not identified as a significant match in a DALI
from that of the p66/p51 HIV-1 RT heterodimer (Figure search (Holm and Sander, 1993) for proteins structurally
3B) as well as the p66 subunit alone (Figure 3C) and similar to the thumb domain of MMLV RT. The connec-
may help to explain the ability of MMLV RT to exist and tion domains also superimpose poorly with an overall
function as a monomer. In contrast, the heterodimeric rmsd of 5.1 A˚ for C	 atoms of residues 362–457 of MMLV
HIV-1 RT requires the interaction of p51 with p66 in order RT and 319–414 of HIV-1 RT (Figure 5B). However, an
to form a nucleic acid binding cleft and help load the improved structural alignment was obtained with an
template-primer (Harris et al., 1998). A comparison of rmsd of 3.0 A˚ by aligning 90 of the 98 C	 atoms specified
above. A DALI search for proteins structurally similar tothe individual structural domains provides further in-
Crystal Structure of MMLV Reverse Transcriptase
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Figure 3. A Comparison of the Molecular Surfaces of MMLV RT and HIV-1 RT
The electrostatic surface potential representations are shown for (A) the MMLV RT (B) the p66/p51 heterodimer of HIV-1 RT and (C) the p66
subunit of HIV-1 RT alone. The overall shape of the MMLV RT is clamp like and distinct from that of the heterodimeric HIV-1 RT or the p66
subunit of HIV-1 RT. Also apparent is a conserved positively charged patch (blue) in the central portion (connection domain) of the two
enzymes, which may play a role in protein-DNA interactions during nucleotide synthesis.
the connection domain finds the HIV-1 RT connection RT including Q258, G262, and W266, which are found
in the 	H helix, are not conserved. The correspondingdomain as the best match. Regions in the MMLV RT for
residues in MMLV RT are R298, E302, and T306, respec-which there is no corresponding polypeptide in HIV-1
tively, as seen in the structure-based sequence align-RT include residues 328–333 at the tip of the thumb
ment generated using CE (Shindyalov and Bourne, 1998)domain and residues 473–504, which link the connection
and shown in Figures 5 and 6. Also of interest is theand RNase H domains (Figure 6). Both of these regions
shorter 	J helix in MMLV RT corresponding to 	H helixare disordered in our crystal structure.
in HIV-1 RT, a consequence of which is that T306 is notThe thumb domain is thought to play an important
part of 	J. These differences in structural and sequencerole in substrate binding and processivity and has been
conservation suggest that detailed interactions of nu-suggested to provide a “minor groove binding track”
cleic acid with MMLV RT may differ from those in theimportant for translocation of the substrate during poly-
HIV-1 RT. Previous attempts to align the sequences ofmerization (Bebenek et al., 1997). However, the residues
MMLV RT and HIV-1 RT were unreliable at best givenassigned to play an important role in this track in HIV-1
the low sequence identity. It is now possible to identify
residues that are equivalent in the two enzymes in the
structure-based sequence alignment facilitating com-
parative functional studies on these enzymes. For exam-
ple, L435K is structurally equivalent to K390 in HIV-1 RT
(Figure 7). Both are solvent-exposed residues confirm-
ing our hypothesis that L435 was a solvent-exposed
hydrophobic residue.
The most significant difference in the two connection
domains is in the polypeptide linking the connection
domain to the RNase H domain. In HIV-1 RT, this linking
polypeptide exits from the connection domain and pro-
ceeds directly into the RNase H domain. In MMLV RT,
the polypeptide linking the two domains exits from the
connection domain in the opposite direction (Figure 5B).
The additional 32 residues linking the connection and
RNase H domains in the MMLV RT are not found in
HIV-1 RT. In fact, replacement of the C-terminal RNase
Figure 4. A Comparison of the Full-Length and N-Terminal Frag- H domain in HIV-1 RT with that of the RNase H domain
ment of MMLV RT of MMLV RT or even insertion of 27 residues from the
The fingers and palm domains from the MMLV RT are shown in red connection domain of MMLV RT into the connection
with the corresponding domains from the N-terminal fragment of domain of HIV-1 RT resulted in monomeric chimeric
MMLV RT (1QAJ) in blue illustrating that the structures are remark-
proteins (Misra et al., 1998; Pandey et al., 2001). Theably similar. Of particular interest is the fact that the relative position
linking region may play an important role in allowing theof the fingers domain with respect to the palm domain is invariant
RNase H domain conformational flexibility in MMLV RT.in the many structures that we have reported of the N-terminal
fragment and now in the full-length MMLV RT. This suggestion is consistent with the poorly ordered
Structure
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RT. Not unexpectedly, the differences in the structures
of the thumb and connection domains in the two en-
zymes preclude the MMLV RT from adopting the “p66”
conformation. For example, a 10 A˚ gap between resi-
dues 275 and 276 linking the palm and thumb domains
is created in the superimposed model of MMLV RT. A
similarly large gap is created between residues 361 and
362 in linking the thumb and connection domains. These
differences likely contribute to the more clamp-like
shape of the MMLV RT. In addition, a significant steric
clash between the connection and RNase H domains
in the superimposed model results primarily from the
differences in the structures of the connection domains
in the two enzymes.
Implications for Processive DNA Synthesis
by Reverse Transcriptase
Based on several key observations, we suggest that
DNA is in fact present in our crystals and thus the confor-
mation of the MMLV RT in our crystals is biologically
relevant. First, the length of the duplex DNA required to
obtain crystals of the MMLV RT-DNA complex is critical.
We have obtained the crystals used for our structural
analysis with several different 14-mer duplex se-
quences, but much smaller crystals or no crystals were
obtained when the duplex length was varied. Second,
in the vicinity of the active site residues D224 and D225
in the palm domain of the protein, there is electron den-
sity in Fo-Fc and 2Fo-Fc maps for approximately 2 base
pairs. Third, there is a large cleft in our structure of
MMLV RT that accommodates a DNA duplex. The thumb
domain does not partially occlude the polymerase active
site of MMLV RT as it does in the structures of the HIV-1
RT crystallized in the absence of inhibitor or template-
primer (Esnouf et al., 1995; Rodgers et al., 1995). Fourth,
we have verified the presence of DNA in our crystals
on a silver-stained SDS PAGE gel. (See Experimental
Procedures for details).
Although we are not able to provide a detailed model
Figure 5. A Comparison of the Thumb and Connections Domains for interactions of the template-primer with the MMLV
from MMLV RT and HIV-1 RT RT, we can provide insights regarding the trajectory of
(A) A ribbon rendering of the thumb domain from MMLV RT is shown the template-primer from the polymerase active site.
in blue superimposed with the corresponding domain of the p66 The differences in the relative positions of the thumb,
subunit of the HIV-1 RT shown in gray. The two domains have
connection, and RNase H domains of the MMLV RT havesimilar folds but superimpose with an rmsd of 4.9 A˚ indicative of
a profound effect on the shape of the cleft in the enzymethe significant structural differences between them. Amino acid resi-
that binds nucleic acid and thus the trajectory of thedues in MMLV RT (R298, E302, and T306) that correspond to the
“minor groove binding tract” of HIV-1 RT (Q258, G262, and W266) template-primer exiting the polymerase active site.
are highlighted in red illustrating the structural differences between Members of the DNA polymerase superfamily share a
the two enzymes most notably in the length and path of the corre- common architecture including fingers, palm, and thumb
sponding 	 helices.
domains in addition to a common catalytic mechan-(B) The connection domains from MMLV RT in yellow and the p66
ism for accomplishing phosphoryl transfer reactionssubunit of HIV-1 RT in gray are shown superimposed revealing again
(Doublie´ et al., 1999; Steitz, 1999). However, only thesimilar folds but significant structural differences. Notably, the poly-
peptide linking the connection domain with the RNase H domain in palm domains of the superfamily members share com-
the two enzymes are located on opposite ends of the connection mon structural elements. The fingers and thumb do-
domain. mains are not structurally related in the different DNA
polymerase families. In addition, reverse transcriptase
uniquely includes an RNase H domain linked to the poly-density that we obtained for the RNase H domain and
lack of density for the linking polypeptide. merase structural domains through a connection do-
main rather than an exonuclease domain linked directlyIn considering whether the MMLV RT could in fact
adopt a conformation similar to that observed in the p66 to the polymerase domains as is found in the DNA pol
1, T7, and T4-like family members.subunit, we have superimposed each of the five domains
from MMLV RT onto the corresponding domains in HIV-1 If we superimpose conserved elements in the palm
Crystal Structure of MMLV Reverse Transcriptase
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Figure 6. A Structure-Based Sequence Alignment of the MMLV RT with the HIV-1 RT
Secondary structural elements from the fingers, palm, thumb, and connection domains assigned by using the Kabsch and Sanders algorithm
(Kabsch and Sander, 1983; Laskowski et al., 1993) are indicated above the sequence for MMLV RT and below for HIV-1 RT. The arrows
indicate 
 strands and coils 	 helices with color coded by domain as in Figure 2. Although the positions of the secondary structural elements
are similar in the two enzymes, the lengths of these secondary structural elements differ significantly. The red boxes (white text) indicate
sequences that are identical in the two enzymes and white boxes (red text) those that are similar. Readily apparent is the far greater sequence
identity within the fingers and palm domains (30%) than in the thumb and connection domains (10%). Also of note is a small insertion in
the thumb domain including residues 328–333 and a large insertion between the connection and RNase H domains including residues 473–504
in MMLV RT that is not found in HIV-1 RT.
domains from the T7, BF, and Taq DNA polymerase and the MMLV RT structure, we find that the template-
primer interactions with the catalytic palm residues andstructures (PDB accession codes: 1T7P [Doublie´ et al.,
1998], 1LV5 [Johnson et al., 2003], and 3KTQ [Li et al., fingers domain seem plausible. However, the trajectory
of the template-primer clashes significantly with the1998], respectively) with the corresponding elements in
the palm domain of MMLV RT, we note first that the thumb and RNase H domains in the MMLV RT. We note
further that the trajectories for the closed (1RTD) andtrajectories for the DNA template-primers in these DNA
pol 1 structures are very similar. Second, this trajectory open (2HMI) structures are similar and differ from the
trajectory of the DNA pol 1 enzymes by an angle ofclashes with the fingers, palm, and RNase H domains
in the MMLV RT but does not clash with the thumb approximately 60. Thus, the relative position of the
thumb domain in RT plays an important role in shapingdomain (Figure 7). If we superimpose the fingers and
palm domains from the HIV-1 RT (PDB accession codes: the trajectory. In the MMLV RT, a trajectory different
from those observed in either the DNA pol 1 members1RTD [Huang et al., 1998] and 2HMI [Ding et al., 1998])
Structure
826
Figure 7. The Trajectory of Template-Primer
Exiting the Polymerase Active Site of MMLV
RT Differs from that of HIV-1 RT or DNA Pol
1 Enzymes
(A) A ribbon rendering of the MMLV RT with
the domains color coded as in Figure 2.
(B) The same view of MMLV RT with the tem-
plate-primer from Taq (black) and HIV-1 RT
(gray) shown following superpositioning of
common structural elements in the palm or
palm and fingers domains, respectively. Nei-
ther of these trajectories is plausible due to
steric clash suggesting that the trajectory for
the template-primer in MMLV RT differs sig-
nificantly from the two shown.
enzyme: DNA complex to form the drop. The crystals were analyzedor the HIV-1 RT is predicted based on this comparative
for the presence of both protein and DNA by SDS-PAGE. A crystalanalysis (Figure 7).
was carefully washed by soaking through a series of nine stabilizingIt was previously suggested that the RNase H domain
solutions and then dissolved in 50 mM HEPES (pH 7.5) and a reduc-
of MMLV RT was important for processivity, the ability ing SDS sample buffer. Silver staining following electrophoresis re-
to incorporate multiple nucleotides per template-primer vealed the presence of the DNA and protein with a stoichiometry
estimated to be 1:1 based on control samples.binding event, as the enzyme lacking this domain (RH)
Considerations in designing a Se-Met phasing experiment includeis significantly less processive than the full-length MMLV
the following. Of the ten Met residues in MMLV RT, only three areRT enzyme (Telesnitsky and Goff, 1993). In our model,
conserved as hydrophobic residues suggesting that the remainingthe RNase H domain further modulates the trajectory of
seven may not in fact be well ordered. Previous work on the
template-primer exiting the polymerase active site and N-terminal fragment had revealed that the three Met residues pres-
would in fact require that the template-primer be bent ent in the fingers and palm domains were in fact surface residues and
not well ordered. Therefore, additional conservative substitutionsby approximately 90. As this domain is free of lattice
L81M, L81M/L203M, and L81M/L203M/L228M were introduced intocontacts in our crystal, it is potentially free to adopt
the fingers and palm domains of MMLV RT in order to improve thedifferent conformations. We now propose that the con-
anomalous signal and the probability that Se atoms could be locatedformational flexibility of the RNase H domain adds yet
for a Se-Met derivative. Se-Met derivatized proteins were obtained
another layer of complexity to the mechanism of pro- by expressing the substituted proteins in E. coli B834 cells as pre-
cessive DNA synthesis by MMLV RT. As noted above, viously described (Hendrickson et al., 1990). In order to improve the
signal to noise for the anomalous Se signal, the arsenate containingconformational changes in the thumb and fingers do-
sodium cacodylate (pH 6.5) buffer in the original crystallization con-mains of HIV-1 RT play important functional roles. It is
dition was replaced with imidiazole (pH 6.50) buffer as the As edgepossible that the conformation of the RNase H domain
is close to that of Se. Incorporation of Br into the duplex DNA wasobserved in our crystal structure significantly alters the
accomplished by substituting 5-bromo-uracil for thymine at two
interactions of nucleic acid with the fingers, palm, and positions in each of the two DNA strands.
thumb domains and thus results in multiple conforma-
tions of the template-primer as well. Multiple binding Diffraction Data Collection
modes for the template-primer within the cleft of HIV-1 The X-ray diffraction data collection has been summarized in Table
1. Prior to data collection, the crystals were soaked in stabilizingRT have been reported in single molecule FRET studies
solutions with increasing concentrations of ethylene glycol reachingfor HIV-1 RT (Rothwell et al., 2003). We might further
a final concentration of 18% and flash frozen in liquid nitrogen atspeculate that differing sets of interactions of the tem-
108 K. Experimental phase information was obtained by soaking
plate-primer with the enzyme are involved in the mecha- the crystals in uranyl acetate (Strem Chemicals) at 2 mM for 15 min,
nism of processive DNA synthesis. sodium aurothiomalate (Strem Chemicals) at 10 mM for 10 min,
and from Se-Met (Sigma Chemicals) derivatized crystals. Data for
a native crystal, the uranyl acetate soaked crystal, and L81M/L203MExperimental Procedures
Se-Met derivatized crystals were collected at the 19ID beamline at
the Advanced Photon Source, Argonne National Laboratory, Chi-Protein Expression, Purification, and Crystallization
cago, Illinois. The data sets on protein-DNA complex crystals withMMLV RT 24-671(L435K) was expressed, purified, and crystallized
brominated DNA and sodium aurothiomalate derivative were col-in a complex with 5-d(ATTGATATATTAAATT)-3 and 5-d(TAAATT
lected at the X25 beamline, National Synchrotron Light Source,TAATATATCA)-3 forming a 14-mer duplex as previously described,
Brookhaven National Laboratory, Upton, New York. Bromine atomsat 20C (Das and Georgiadis, 2001). The size and thickness of the
could not be located in the brominated-DNA data set for phasingcrystals were further improved by microseeding techniques using
purposes, but this data has been used as a “native” data set. Datathe self-nucleated complex crystals as seeds yielding crystals that
were processed and scaled with DENZO and SCALEPACK (Otwi-were maximally 30 m thick. Briefly, the crystals were obtained in
nowski and Minor, 1997).drops including a complex of L435K MMLV RT and DNA (1:2 molar
ratio, respectively) mixed 1:1 in a hanging drop suspended over a
precipitant solution including 0.02 M KCl, 0.05 M Mg(OAc)2, 0.05 M Structure Determination and Refinement
The structure has been determined by a combination of molecularsodium cacodylate (pH 6.5), and 9%–11% PEG 8000. Microseeds
were stabilized in the precipitant solution and used to mix with the replacement (MR) and multiple isomorphous replacement with
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anomalous scattering (MIRAS). Partial model MR (AMoRe) (Navaza, MMLV RT prior to publication. We also thank Marianne Cuff, Steve
Ginell, and Andrzej Joachimiak from SBC CAT at APS, Mike Becker,1994) phases were obtained using the previously determined crystal
structure of the N-terminal fingers and palm domains of MMLV RT as Lonnie Berman, and Bill Nolan from NSLS X25, Andy Howard and
Jorge Rios from IMCA CAT at APS, and the members of the Geor-the search model (1QAJ). The rotational and translational searches
resulted in a clear top solution in the 8–4 A˚ resolution range. This giadis lab for helpful discussions. Data were collected at beamline
X25 at the National Synchrotron Light Source, Brookhaven Nationaltop solution (best CC  36.1, R  47.2) emerged consistently in a
similar calculation with six data sets, which included several native Laboratory, which is supported by the U.S. Department of Energy,
Division of Materials Sciences and Division of Chemical Sciences,and putative heavy atom derivative data sets. Ultimately, two data
sets were scaled and merged in order to obtain a more complete at beamline 17-ID in the facilites of the Industrial Macromolecular
Crystallography Association Collaborative Access Team (IMCA CAT)native data set (Comb-Nat in Table 1): a native data set for which
data extended to 3.0 A˚ collected at the APS-19ID and a very com- at the Advanced Photon Source, and beamline 19-ID in the facilities
of the Structural Biology Center Collaborative Access Team at theplete data set extending to 3.5 A˚ resolution collected for a MMLV
RT-brominated DNA crystal at NSLS X25 (Table 1). Advanced Photon Source. The IMCA CAT facilities are supported
by the companies of the Industrial Macromolecular CrystallographySix U sites were obtained by an isomorphous difference Fourier
map (CNS) using the MR phases as prior phase information, the Center for Synchrotron Radiation Research and Instrumentation.
Use of the Argonne National Laboratory Structural Biology Centercombined native data set at 3.0 A˚ and a resolution range of
15.0–6.0 A˚. The sites were verified by isomorphous difference Pat- beamlines at the Advanced Photon Source was supported by the
U.S. Department of Energy, Office of Energy Research, under Con-terson and predicted Patterson maps. Phases calculated from this
uranyl derivative after site refinement (CNS) (Brunger et al., 1998) tract No. W-31-109-ENG-38. This work was funded by a grant from
the National Institutes of Health (M.M.G).were then combined with the MR phases and used to find the Se
and Au sites by isomorphous cross-difference Fourier calculations
and verified by difference and predicted Patterson maps. The posi- Received: October 16, 2003
tions of Se sites corresponding to L81M or L203M in the Se-Met Revised: December 17, 2003
derivatized crystals were easily verified using the molecular replace- Accepted: February 11, 2004
ment model. All the heavy atom sites were refined by using the Published: May 11, 2004
isomorphous differences in structure factor amplitudes with the
anomalous scattering signal being included only during the phase References
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